Introduction
============

RNA pseudoknots are structural elements that participate in a variety of biological processes. They are formed when residues in a hairpin-loop base-pair with nucleotides outside the loop, yielding two stems that are connected by single-stranded loops [@BIB36]. Pseudoknots were first recognised experimentally from studies of the folding of the 3′-end of turnip yellow mosaic virus RNA (TYMV; [@BIB38]) and since this time have been found in virtually all classes of RNA, including ribosomal RNAs, catalytic and self-splicing RNAs and messenger RNAs (reviewed by [@BIB48]). Several pseudoknots have been described that play a role in protein biosynthesis. They are an essential component of the internal ribosome entry sites of some picornaviruses [@BIB55], [@BIB39], are targets for the translational repression of certain ribosomal [@BIB46], [@BIB35], [@BIB17], [@BIB1] and bacteriophage mRNAs [@BIB41], [@BIB14], and play a pivotal role in the processes of termination codon suppression and ribosomal frameshifting in many viral and some cellular genes (reviewed by [@BIB16]).

Programmed −1 ribosomal frameshifting is a mode of gene expression used primarily by retroviruses to produce structural and enzymatic proteins at a defined ratio from a single polycistronic messenger RNA. The signals that specify the frameshift event are composed of two essential elements, a heptanucleotide slippery sequence, located immediately upstream of a region of RNA secondary structure, most commonly a pseudoknot [@BIB3], [@BIB47]. This stimulatory RNA structure is thought to function by modulation of the ribosomal elongation cycle [@BIB13], perhaps during a ribosomal pause [@BIB51], [@BIB43].

The role of pseudoknots in the frameshift process was first investigated using a signal derived from the genome of the avian coronavirus infectious bronchitis virus (IBV; [@BIB3], [@BIB4]). The IBV pseudoknot is of the hairpin-type [@BIB48] and is thought to possess coaxially stacked stems of 11 bp (stem 1, S1) and 6 bp (stem 2, S2) connected by single-stranded loops of 2 nt (loop 1, L1) and 32 nt (loop 2, L2). The structure of the IBV pseudoknot is representative of those pseudoknots that are present at the frameshift sites of the corona-, toro- and arteriviruses which possess a long S1 of 11-12 bp and usually a long L2 (30-164 nt). A second group of pseudoknots contain stems of 5 to 7 bp and shorter loops [@BIB47], [@BIB2]. These pseudoknots are typified by those present at the frameshift sites of simian retrovirus 1 *gag-pro* (SRV-1; [@BIB49]) and the retrovirus mouse mammary tumor virus (MMTV) *gag-pro* [@BIB10]. The three-dimensional (3D) structure of a functional variant of the MMTV pseudoknot (VPK) has been determined by NMR [@BIB42]. This pseudoknot is bent at the S1-S2 junction with an intervening unpaired adenosine stacking between the two stems. The bent conformation is essential for efficient frameshifting [@BIB42], [@BIB11], [@BIB21] and may reflect a requirement for a structure-dependent interaction between a component of the translation apparatus and the pseudoknot.

At present, our understanding of the molecular basis of the frameshift process is rudimentary. The presence of two apparently distinct classes of RNA pseudoknot, however, provides the opportunity to gain mechanistic insights from a functional comparison of the two. On this basis, we recently investigated the effect on frameshifting of modulating S1 length and stability using a series of IBV-based pseudoknots as model systems [@BIB34]. We found that efficient frameshifting depended upon the presence of a minimum of 11 bp; pseudoknots with a shorter S1 (from 4 to 10 bp) were either non-functional or had a reduced frameshift efficiency. The inability of these shorter pseudoknots to stimulate frameshifting is not fully understood, but it seemed likely that those with an S1 length of 5 or 6 bp could be functionally restored by inclusion of an intercalating A residue between S1 and S2, creating a kinked pseudoknot similar to those discussed above.

Here, we describe the sequence manipulations that are required to convert such a short non-functional pseudoknot (pKA5, with an S1 of 6 bp) into a highly efficient kinked frameshifter pseudoknot. Surprisingly, introduction of an unpaired A residue at the junction between the two pseudoknot stems of pKA5 to create an MMTV-like structure was insufficient to produce an efficient frameshift signal. This was true even when the type and orientation of adjacent base-pairs was varied and the slippery sequence pseudoknot spacing distance was increased to the same length as that seen at the MMTV frameshift site (seven nucleotides). Based on a possible structural analogy with the TYMV pseudoknot [@BIB26], we decided to change the last base of L2 from a G to an A residue. The TYMV structure, which is not associated with a frameshift signal, is stabilised by a loop to helix triple interaction between an adenine residue at the 3′-end of L2 and the minor groove of S1, and it was possible therefore that a similar interaction would be important in some frameshifter pseudoknots. To test this, a variant of pKA5 with an intercalated A residue was modified by changing the 3′-terminal base of L2 (the putative L2 donor base). The results were striking in that the presence of an A residue at the end of L2 generated a highly efficient frameshifter pseudoknot (KA-A, 31 %). This observation was consistent with a requirement for an interaction between the L2 terminal A and the minor groove of S1. Further support for this model was obtained from the translational properties of mutants with alterations in S1, the putative loop acceptor region. Reversing the orientation of two G·C base-pair near the top of S1, a change predicted to interfere with a loop-helix contact, decreased frameshifting to about 9 %. The specific requirement for an A at the end of L2 was not seen in pseudoknots with a longer L2, however, suggesting that the loop-helix contact may be important only in those pseudoknots with a short L2.

Results
=======

Conversion of a non-functional short pseudoknot to a functional "kinked" pseudoknot
-----------------------------------------------------------------------------------

In our previous investigation of the influence of IBV pseudoknot S1 length on frameshift efficiency, we made a series of constructs (the pKA series) encoding pseudoknots with different S1 lengths containing only G·C (or C·G) pairs [@BIB34]. Two of the shorter constructs, pKA3 (5 bp S1) and pKA5 (6 bp S1), were the starting point for the present analysis and are shown in [Figure 1](#FIG1){ref-type="fig"}, [Figure 3](#FIG3){ref-type="graphic"}. The pKA3 construct [(Figure 1)](#FIG1){ref-type="fig"} is a frameshift reporter construct containing a short IBV-based pseudoknot cloned into the influenza A/PR8/34 gene [@BIB57] at a unique *Bgl*II site. The position of the pseudoknot in this construct is just upstream of a region of the PB2 gene where significant lengths of open reading frame are present in all three frames. A frameshift into any one of these frames generates a product with a characteristic size (22, 28 or 85 kDa). This property was important for the analysis described here, since we wished to introduce single or pairs of nucleotides into the pseudoknot, which would change the exit phase of −1 frameshifted ribosomes. For pKA3-derived plasmids, ribosomes which terminate without frameshifting synthesise a 19 kDa non-frameshifted species. Ribosomes which undergo −1 frameshifting at the slippery sequence continue translation to produce a −1 frameshift product whose size is 22 kDa, 28 kDa or 85 kDa depending upon the exit reading frame, which is determined by the number of nucleotides introduced into S1.Figure 1The frameshift reporter construct pKA3. Plasmid pKA3 ([@BIB34]; see [Figure 3](#FIG3){ref-type="fig"})Figure 3Analysis of the pKA-A frameshift signal by mutagenesis. This Figure shows the primary sequence and proposed secondary structure of the pKA3, pKA5 and pKA-A pseudoknots. The slippery sequence is boxed. Nucleotides of pKA-A that differ in orientation or presence from those of pKA5 are shown in bold. A series of mutations were created in pKA5 and pKA-A, and the effects on frameshifting measured by *in vitro* transcription and translation in the RRL. The upper portion of the Figure shows the RRL translation products synthesised in response to mRNAs derived from *Bam*HI-digested plasmids. Products were labelled with \[^35^S\]methionine, separated on a SDS-15 % polyacrylamide gel and detected by autoradiography. The frameshifted (22, 28 or 85 kDa) and non-frameshifted (19 kDa) species are marked with arrows. The size of the −1 frameshift product produced by the various mutant RNAs is determined by the number of nucleotides in the pseudoknot (see Results). The predicted sizes are 22 kDa (pKA-G, A, 69, 70, 72, 73, 74, 103 pFScass 5), 28 kDa (pKA71, 78, 80, pFScass 6) or 85 kDa (pKA5, 79, 90, 91, 92, pFScass 7). pFScass 5, 6 and 7 contain the minimal IBV frameshift signal [@BIB5] and were translated to mark the position of the 22, 28 and 85 kDa frameshift products. In translations of pKA-based constructs in RRL, a low level of background polypeptides are present which arise as a result of aberrant initiation events (see [@BIB5]). These can potentially introduce an inaccuracy of up to 2 % in estimations of frameshift efficiency and we define a non-functional construct as one displaying a frameshift efficiency of ⩽2 %. contains a short, IBV-derived pseudoknot (white box) cloned into a reporter gene, the influenza PB2 gene (shaded boxes). Linearisation of the plasmid with *Bam*H1 and *in vitro* transcription using SP6 RNA polymerase yields an mRNA (2.4 kb) that, when translated in RRL, produces a 19 kDa non-frameshift product corresponding to ribosomes that terminate at the UGA termination codon (located immediately downstream of the slippery sequence UUUAAAC, shaded), and an 28 kDa −1 frameshift product. The 0-frame and −2/+1 frames are also open (to some extent) in this construct. Ribosomes which enter these frames produce 85 kDa and 22 kDa products, respectively. A bacteriophage T7 promoter is present just upstream of the frameshift region; this promoter is employed to generate short, pseudoknot-containing transcripts from *Hin*dIII-digested templates for secondary structure analysis.

The inability of constructs like pKA3 and pKA5 to stimulate frameshifting was puzzling, since some of the highly efficient pseudoknots present at other viral frameshift sites are predicted to have similar S1 lengths (5 or 6 bp). Studies on the MMTV pseudoknot [@BIB10] have highlighted the functional importance of an intercalated, unpaired A nucleotide located between the two stems. The most likely explanation for the functional deficit of pKA3 and pKA5 was thus their lack of such an unpaired A at the stem-stem junction, and we suspected that they could be rendered functional by providing this base. As indicated in [Table 1](#TABLE1){ref-type="table"}, however, inclusion of an A residue between S1 and S2 of pKA3 or pKA5 (to create pKA35 and pKA36) did not stimulate frameshifting and additional changes were therefore necessary.Table 1Conversion of a non-functional short pseudoknot to a functional kinked pseudoknotClone nameSequenceFS (%)[^1]

On the basis of published pseudoknot sequences, mutational analysis of the MMTV frameshift signal [@BIB10] and our own studies of the IBV pseudoknot stacking region [@BIB4], we suspected that the bases flanking the intercalated A residue were inappropriate, and would not allow correct folding of the pseudoknot. For this reason, we tested a variety of paired and unpaired G and C residues at the top of S1 or bottom of S2 within the context of a pseudoknot containing either a 5 bp (constructs pKA35, 42, 44, 45, 53) or 6 bp S1 (constructs pKA36, 43, 46, 47, 48, 51). Once again we were unable to prepare a structure which promoted efficient frameshifting. Variants of pKA35 and 36 with a 5 bp S2 were also inactive (pKA37, 38).

We continued the search, concentrating on spacer length and loop nucleotides. Increasing the spacer distance from 6 to 7 nt (the same length of spacer as present at the MMTV *gag/pro* frameshift signal) led to a small increase in frameshifting in an RNA with a 6 bp S1 (pKA-G, 5 %). Alteration of the L1 nucleotides (5′ CA 3′) to either 5′ AA 3′ (pKA58, 60, 61) or a single A residue (pKA59, 62), within the context of a 6 or 7 nt spacer had no specific effect on frameshifting. When the spacer distance was 6 nt, frameshifting was very inefficient (pKA61, 62; \<2 %); constructs with a 7 nt spacer were slightly more active (pKA58, 59; 3 %). Having failed to restore functionality with the above approaches, we turned our attention to changes in L2, which proved to be more fruitful.

Potential for a loop-helix interaction
--------------------------------------

The recent determination of the TYMV pseudoknot structure by NMR [@BIB26] alerted us to the role of adenine-related interactions in the formation of higher order RNA structures. In this RNA, L2 crosses the S1 minor groove and interacts with the opposing helix, in particular through hydrogen bonds with a loop terminal adenosine (A35). This residue's base moiety is tilted to an angle of about 90 ° with respect to the plane of the opposing base-pairs [(Figure 2)](#FIG2){ref-type="fig"}, which allows it to hydrogen bond with the minor groove faces of both G30 and G31 [(Table 2)](#TABLE2){ref-type="table"}. Significantly, structural constraints imposed by the main-chain of L2 seem to limit the base that can provide the required hydrogen bond donor/acceptor profile to an adenine [@BIB26]. Inspection of the 3D structure of the VPK frameshifter pseudoknot determined by NMR [@BIB42] revealed an L2 adenine residue, A27, that faces the S2 minor groove ([Figure 2](#FIG2){ref-type="fig"}, [Table 2](#TABLE2){ref-type="table"}). This base, like A35 of TYMV, is tilted with respect to the plane of opposing base-pairs, except that it is positioned over the middle of the minor groove rather than at one side, allowing it to contact bases on both strands of the helix. Since both interactions seem to require a functionality that can only be provided by an adenine residue, we decided to change G29 of pKA-G to an A (construct pKA-A). As can be seen in [Figure 3](#FIG3){ref-type="graphic"}, frameshifting increased sixfold to 31 % in response to this modification. However, changing G29 to U or C did not stimulate frameshifting markedly (6 %, pKA-C; 10 %, pKA-U), highlighting the specific requirement for an adenine residue at this position, consistent with the loop-helix interaction proposed above.Figure 2Loop-helix interactions in RNA pseudoknots. (a) The three-dimensional structure of the frameshifter pseudoknot VPK [@BIB42]. The RNA backbone is in blue and the bases are colour-coded by domain or motif; stem residues in green, L2 in pink and A27 in peach. The pseudoknot is bent at the S1-S2 junction; the intercalating A14 (light blue) is stacked between the two stems. L2 crosses the minor groove of S1 with A27 potentially contacting G17 and G4 (coordinates as reported by [@BIB11]). (b) Close up of the VPK structure showing the potential loop-helix contact involving A27, G4 and G17. (c) Close up of the equivalent region of the TYMV pseudoknot showing the hydrogen bonds between L2 and S1 (coordinates as reported by [@BIB26]). The orientation of the adenine moiety with regard to the plane of opposing G·C pairs is similar to that seen in VPK. Figures were generated using MOLSCRIPT [@BIB27] in combination with Raster3D [@BIB33].Table 2Predicted or observed hydrogen bonds between L2 terminal bases and stem 1 of RNA pseudoknotsResidueAtomResidueAtomDistance (Å)Structure/coordinatesReference/methodG42-NH2A27N11.58VPK[@BIB42]; NMRG17N3A276-NH21.73G302-NH2A35N12.07TYMV (1A60)[@BIB26]; NMRG31N3A356-NH21.85G42-NH2A27N32.44VPK (VPK_m4)[@BIB30]; MD simulation of VPK NMR distance constraints with sodium ions and water moleculesG4N3A272′-OH2.05G172-NH2A27N72.44G172′-OHA27N11.96C18O4′A276-NH22.01A26N1A276-NH22.02C32′-OHA26N72.06C3O2A266-NH21.96C182′-OHA26N12.10C18O2A266-NH21.95

Having established the parameters needed for efficient frameshifting, we wished to confirm the importance of the intercalating residue A15. Deletion of this base or replacing it with G, U or C caused a significant reduction in frameshift efficiency (from 31 % to 8-13 %, [Figure 3](#FIG3){ref-type="graphic"}, pKA71, 72, 73, 74) in good agreement with related studies on the MMTV pseudoknot [@BIB10]. Surprisingly, the A15 deletion mutant (pKA71) was relatively efficient (8 %) in comparison to pKA5 (2.5 %). This proved to be a consequence of the identity of the last L2 nucleotide; changing the equivalent residue in pKA5 to A (pKA90) increased frameshifting to 8 %. The U or C at this position showed slightly lower frameshift efficiency (pKA91 U, 6 %; pKA92 C, 4 %). Three other parameters were investigated. Altering the base-pair at the bottom of stem 2 from G·C to C·G caused a modest reduction in frameshift efficiency (pKA103, 22 %), as did shortening the length of L1 to a single A residue (pKA80, 19 %). More dramatic was the effect of altering S1 length; increasing (pKA78) or decreasing (pKA79) S1 by a single base-pair caused a four- to sixfold reduction in frameshift efficiency, perhaps by preventing the loop-helix interaction (see Discussion).

RNA structure mapping of constructs KA-G and KA-A
-------------------------------------------------

The requirement for an A at the end of L2 for efficient frameshifting was clearly compatible with a loop-helix interaction. Nonetheless, did the deficit of function of the other RNAs highlight a specific contribution of the modified adenine residue, or was it a relatively uninformative consequence of odd interactions among the remaining components? Even minor base changes have the potential to modify pseudoknot conformation substantially [@BIB21], and it was therefore important to establish whether major conformational differences existed between the two RNAs. We determined the secondary structures of KA-A and KA-G by chemical and enzymatic probing using an end-labelling procedure [@BIB53], [@BIB56], [@BIB37]. The two plasmids have an internal T7 promoter just upstream of the frameshift signal, allowing run-off transcripts to be prepared following linearisation with *Hin*dIII [(Figure 1)](#FIG1){ref-type="fig"}. Transcripts of 99 nt were prepared from each plasmid, end-labelled with \[γ-^33^P\]ATP, gel purified and subjected to limited chemical and enzymatic digestion prior to analysis on denaturing 10 % or 15 % polyacrylamide gels. In these experiments, the Mg^2+^ level was kept at 2 mM (except for imidazole probing, where 10 mM Mg^2+^ was used) which is the approximate concentration of this ion in RRL [@BIB19] and sites of cleavage were scored only from those reactions where 80-90 % of the full-length RNA remained intact. A representative selection of the individual biochemical analyses and a diagrammatic summary are shown in [Figure 4](#FIG4){ref-type="fig"}. The bases are numbered from the first base of the pseudoknot (G) in each case. The single strand-specific enzymatic probes employed were RNase T~1~, which cleaves 3′ of unpaired G residues, and RNase U~2~, which cleaves 3′ of single-stranded A or G residues, with a preference for A. To probe double-stranded regions, RNase V~1~ was employed which cleaves in helical regions. RNase V~1~ is not base-specific but cleaves RNA that is in helical conformation, whether base-paired (a minimum of 4 to 6 bp are required) or single-stranded and stacked. We also used the single strand-specific chemical probes imidazole [@BIB54] and lead acetate [@BIB28], [@BIB25].Figure 4Structure probing of the KA-G and KA-A pseudoknots. RNA derived by T7 transcription of (a) pKA-G/*Hin*dIII or (b) pKA-A/*Hin*dIII was 5′ end-labelled with \[γ-^33^P\]ATP and subjected to limited RNase or chemical cleavage using structure-specific probes. Sites of cleavage were identified by comparison with a ladder of bands created by limited alkaline hydrolysis of the RNA (OH^−^) and the position of known RNase U~2~ and T~1~ cuts, determined empirically. Products were analysed on 15 % acrylamide/7 M urea gels. Data was also collected from 10 % gels (gels not shown). Enzymatic structure probing was with RNases U~2~, V~1~ and T~1~. Uniquely cleaved nucleotides were identified by their absence in untreated control lanes (0). The number of units of enzyme added to each reaction is indicated. Chemical structure probing was with imidazole (I, hours) or lead acetate (Pb^2+^; mM concentration in reaction). The water lane (W) in the imidazole panel represents RNA which was dissolved in water, incubated for 4 hours and processed in parallel to the imidazole-treated samples. R represents an aliquot of the purified RNA loaded directly onto the gel without incubation in a reaction buffer. (b) Summary of the KA-A probing results. The sensitivity of bases in the KA-A frameshift region to the various probes is shown. The size of the symbols is approximately proportional to the intensity of cleavage at that site. The imidazole probing data, which was similar to that seen with lead acetate, is omitted for clarity. The KA-G probing results are not summarised since they were essentially the same as those of KA-A.

From the structure probing data [(Figure 4)](#FIG4){ref-type="fig"}, it is clear that the two RNAs are pseudoknots and have a cleavage pattern that suggests they are very similar in structure, both to each other and to frameshifter pseudoknots of the IBV class described previously [@BIB34]. Structure probing with either imidazole or lead (lanes 7-8, 13-14) generated a similar pattern of bands highlighting the major regions of single and double-stranded RNA. Both pseudoknot stems showed resistance to chemical cleavage, especially the G+C-rich S1. S2 was somewhat less resistant to imidazole, but was largely resistant to lead, consistent with the formation of this stem. RNase V~1~ cuts were evident in S1 and were also seen in the 5′-arm of stem 2 (lanes 10-11). The single strand-specific enzymes RNase T~1~ and U~2~ (lanes 4-5, 16-17) reacted largely as expected, with those loop residues predicted to be single-stranded. Some cleavages were noted in stem regions. For both KA-G and KA-A, RNase T~1~ cleavage was seen at G5, G16 and G19 within S1 and at G9, G10 and G33 (and weakly at G30 and G31) within S2. Similarly, an RNase U~2~ cut was seen at A32 of S2 for both pseudoknots, although cleavage was slightly less in pKA-A. The intercalated residue A15 at the junction of the two stems was only weakly reactive with RNase U~2~ in either RNA. The reactivity of residues G9 and G10 at the top of S2 with single-stranded enzymatic and chemical probes was seen in previous studies with IBV pseudoknot variants (pKA13 and pKA18; [@BIB34]) and may be indicative of a region of unusual conformation. Overall, however, KA-G and KA-A appear to possess a similar secondary structure given the restricted resolution of chemical and enzymatic probing.

Modification of the putative loop acceptor region of S1 affects only RNAs with an adenine residue at position 29
----------------------------------------------------------------------------------------------------------------

To identify bases in S~1~ that could potentially interact with L2 of pKA-A, we compared the predicted or observed hydrogen bonds between L2 terminal bases and S1 pairs that had been documented in previous studies (see [Table 2](#TABLE2){ref-type="table"}). From these, we judged that the two G·C pairs near the top of S1 (C4·G18 and G5·C17, [Figure 3](#FIG3){ref-type="graphic"}) were the most likely candidate for a loop base acceptor. We modelled several changes in that region using NAMOT [@BIB6] to identify mutations that would affect base-pairing with A29 while unlikely, on their own, to significantly change the structure or thermodynamic stability of the KA pseudoknot. A simple base-flip to give G4·C18 and C5·G17 was theoretically ideal due to the absence of obvious confounding effects. This mutation would modify the hydrogen bond profile of the putative loop acceptor. In the flipped case, the N1 of A29 can no longer form an optimum linear hydrogen bond with the hydrogen of the guanine exocyclic amine. Further, the G18 N3 (which has one lone pair) is replaced by a pyrimidine O2 with its two lone pairs (see [@BIB23], [@BIB24]). The flip does not substantially alter the predicted stability of S1 (12.1 *versus* 12.4 kcal/mol; as the energetics of pseudoknot formation is not fully understood, the S1 stability predictions, calculated according to the rules reported by [@BIB52], were performed on the basis that the stem formed independently and had a loop length of 8 nt).

Accordingly, variants of pKA-A were prepared in which the orientation of both C4-G18 and G5-C17 was flipped in the background of different L2 3′-terminal bases (pKA-FL-A, G, U and C, [Figure 5](#FIG5){ref-type="fig"}). As can be seen in [Figure 5](#FIG5){ref-type="fig"}, the frameshift efficiency of the flipped construct with an A at position 29 (pKA-FL-A) dropped approximately threefold to 9 %, a value similar to that seen in the non-flipped context of pKA-G. No significant effect of the flip was seen in any of the other structures, which promoted frameshifting to levels very close to those seen in the non-flipped context (pKA-FL-G, 6 %; pKA-FL-U, 14 %; pKA-FL-C, 8 %). That a reduction in frameshifting was seen only in KA-FL-A argues strongly against a general effect on frameshifting of the base changes created in S1.Figure 5Evidence for a loop-helix interaction in pseudoknot KA-A. (a) The influence of the L2 terminal nucleotide (X29) on −1 ribosomal frameshifting was tested in the context of (KA-FL-X) a variant of pKA-A in which two S1 bases had been flipped (G5·C17; C4·G18; boxed); (KA-LL-X), a variant of pKA-A in which L2 had been increased to 14 nt by insertion of 6 nt (AUCAUC) and (KA-FL-LL-X), a variant of pKA-A in which both flip and L2 increase were present. The effect on frameshifting of varying base A29 in the context of the wild-type pseudoknot is shown for comparative purposes (KA-X). The RRL translation products synthesised in response to mRNAs derived from *Bam*HI-digested pKA-A and mutant derivatives are shown. Products were labelled with \[^35^S\]methionine, separated on a SDS-15 % polyacrylamide gel and detected by autoradiography. The frameshifted (fs; 22 kDa) and non-frameshifted (stop; 19 kDa) species are marked with arrows. (b) A comparison of the frameshift efficiencies measured for each X29 variant in the four pseudoknot contexts; wild-type (KA-X), S1 bases flipped (KA-FL-X), L2 length increase (KA-LL-X), S1 base-pairs flipped and L2 length increase (KA-FL-LL-X).

Increasing L2 length to 14 nt changes KA's response to variation of the X29 base
--------------------------------------------------------------------------------

In a recent mutational analysis of the SRV-1 pseudoknot [@BIB45], it was found that replacing the 3′-terminal L2 base, a uracil, with other bases had no effect on frameshifting. This was inconsistent with our finding that the frameshift efficiency of pKA-A depended crucially on the A29 residue because the pseudoknots are thought to be similar both in structure and function, with both RNAs adopting a bent conformation (see, for example, [@BIB45], but note the conflicting NMR data by [@BIB15]). Therefore, we would have expected SRV-1 pseudoknot function to be sensitive to modifications of the L2 3′-terminal base, which was not the case. The recent study by [@BIB30], however, who modelled the structure of VPK in the presence of water and sodium ions, provides a potential explanation for the differing response of the SRV-1 and KA-A pseudoknots to such changes. They predicted a compact structure in which the first four L2 nucleotides (ACUC) of VPK make a sharp turn, and the remaining four A residues of L2 cross the minor groove with the last two A residues contacting the top of S1 directly. The compact packing of L2 onto S1 is facilitated by the shortness of the loop and by the presence of the A quartet. The SRV-1 pseudoknot differs from the MMTV, VPK and KA-A pseudoknots in L2, which is five bases longer in SRV-1 (13 *versus* 8 nt) and contains a U, rather than an A-rich stretch at the 3′-end of L2. Also, L1 of the SRV-1 pseudoknot comprises a single A residue, whereas the others have two bases in L1 [(Figure 6)](#FIG6){ref-type="fig"}. In SRV-1, the extended L2 length and altered sequence composition could well prevent a stimulatory contact with S1. If this is the case, then shortening L2 of SRV-1 should promote frameshifting. Indeed, [@BIB50]demonstrated that removing two or three bases from L2 of SRV-1 increased frameshifting from 20 % to 34 %, although further base deletions to an L2 length of 9 and 7 nt had the opposite effect and decreased frameshifting to 18 and 10 %. On this basis, we would predict that the KA pseudoknots should be rendered relatively insensitive to L2 terminal base changes by increasing the L2 length to that of SRV-1.Figure 6Comparison of the primary sequences and proposed secondary structures of the RNA pseudoknots pKA-A, MMTV, VPK, and SRV-1. The frameshift efficiencies of the various structures, as determined in RRL, are shown and were reported by [@BIB9]; MMTV), [@BIB10]; VPK) and [@BIB49]; SRV-1).

We thus inserted a six base sequence (AUCAUC; [Figure 5](#FIG5){ref-type="fig"}) into the middle of L2 of the pKA-A, G, U or C pseudoknots, increasing the loop length from eight to 14 bases without changing either the first four (UUGC) or final four bases (AAAX29). The *in vitro* frameshifting efficiency of the resultant constructs pKA-LL-A, C, G, and U are shown in [Figure 5](#FIG5){ref-type="fig"}. The efficiency of the KA-LL-A pseudoknot was found to be 18 %, about twofold lower than the equivalent construct with a shorter L2. In contrast, frameshifting in the KA-LL mutants containing C, G or U at position X29 was approximately doubled (G29, 14 %; C29, 16 %; 23 %, U29) in comparison to the eight-base L2 constructs. Thus although frameshifting efficiency was still somewhat sensitive to the L2 terminal base, it was significantly less so than in the eight-base L2 structure and was decreased (KA-LL-A) or increased (KA-LL-C, -G, -U) towards the value reported for the SRV-1 structure (23 %).

Flipping the S1 C·G pairs in the context of a 14 nt L2 has no differential effect on X29 variants
-------------------------------------------------------------------------------------------------

Given the reduced influence of A29 on frameshifting in constructs with a longer L2, it seemed likely that alterations of the putative loop acceptor region would, similarly, have little effect on efficiency. Accordingly, base X29 was varied in the background of both the G·C flip and the 14 nt L2. In these mutants (KA-FL-LL-A, G, U, C; [Figure 5](#FIG5){ref-type="fig"}) frameshifting was reduced a little in each case compared to the non-flipped KA-LL series; from 14-23 % to 11-16 % [(Figure 5)](#FIG5){ref-type="fig"}, but no significant differential effects were seen. The loop-helix interaction, therefore, seems to be important in KA-A-directed frameshifting only in the context of a short L2.

Discussion
==========

Here, we were interested to determine the sequence changes required to convert an IBV-based non-functional pseudoknot, with a short S1, into a functional kinked pseudoknot. Although a variety of pseudoknots were constructed that contained an intercalating A residue at the junction between the two pseudoknot stems (an essential feature of a kinked pseudoknot), efficient frameshifting was not observed until the last nucleotide of L2 was changed from a G to an A residue [(Table 1)](#TABLE1){ref-type="table"}. This result was consistent with the possibility that frameshifting requires an interaction between L2 and residues in S1. Further mutational analysis was carried out to demonstrate that the loop-helix interaction, between the terminal L2 adenine residue and S1, is essential for efficient frameshifting. Interactions of this kind, involving adenosine residues, have been recognised increasingly in both pseudoknots and in other RNA structures. In the P4-P6 domain of the *Tetrahymena thermophila* intron, each adenosine in a GAAA tetraloop makes specific hydrogen bonds to the tetraloop receptor, comprising two adjacent C·G base-pairs, a 5 nt internal loop and a G·U base-pair [@BIB7], [@BIB8]. Similarly, the terminal adenosine A35 of L2 of the TYMV pseudoknot is buried deep within the minor groove of the opposing S1 helix [@BIB26].

Recently, potentially equivalent interactions have been proposed to occur in the pseudoknots associated with the ribosomal frameshift signals of an MMTV-variant, VPK [@BIB30] and the plant virus beet western yellows virus (BWYV; [@BIB44]). Although an L2-S1 contact was not proposed from the original VPK NMR data [@BIB42], the possibility of additional loop-helix interactions was noted following refinement by [@BIB30]. Based on restrained molecular dynamics (MD) simulations with water molecules and sodium ions, they predicted a compact structure in which the first four nucleotides (A20 CUC) of L2 make a sharp turn and the other four bases (AAA A27) cross the minor groove with A27 and A26 directly contacting the top of S1 [(Table 2)](#TABLE2){ref-type="table"}. The 3D structure of the BWYV frameshifter pseudoknot has been solved by X-ray crystallography [@BIB44]. In this RNA, the adenosine-rich L2 is hydrogen-bonded to the minor groove of S1 largely through contacts involving the 2′-hydroxyl group, forming a novel three-stranded structure with some similarity to the S1-L2 domain of the refined VPK pseudoknot.

We began our investigation of the potential loop-helix interaction in the KA-A pseudoknot by inspecting the predicted or observed hydrogen bonds between L2 terminal bases and S1 that had been noted in previous studies (see [Table 2](#TABLE2){ref-type="table"}). From these, we judged that the region of pKA-A most likely to act as a loop base receptor would be the penultimate two base-pairs in S1 (C4·G18 and G5·C17). Since an interaction between the loop adenosine and the S1 helix is likely to require a particular placement of the hydrogen bond donor/acceptor capacities along the minor groove, the inhibitory effect found upon replacing A with any other base ought to be recapitulated by changes in the putative loop acceptor region. Flipping the two G·C base-pairs was predicted to change the hydrogen bond donor/acceptor profile in a way that was unlikely to distort the overall conformation of stem 1. Indeed, flipping the G·C base-pairs impaired frameshifting only in the construct with an adenosine residue at the end of L2 (pKA-FL-A), confirming the absence of any general effect on frameshifting of the S1 changes. Thus only the combination of an L2 terminal adenosine with a particular S1 G·C base-pair orientation was fully functional, and changes of either partner of the proposed interaction had identical inhibitory effects. This strongly supports the conclusion that A29 is contacting the S1 minor groove and that this contact is important for efficient frameshifting.

There are two caveats, however. The first is that we were unable to detect conformational differences between the KA-A pseudoknot and a pseudoknot with an impaired frameshift capacity (KA-G). We have interpreted the difference in frameshift efficiency seen with the two constructs to be attributable to an ability to form (KA-A) or to be unable to form (KA-G) the loop-helix interaction, which presumably exerts its effect on frameshifting by modifying the pseudoknot's structure. It is feasible, however, that the structure probing methods used were not sensitive enough to detect such, possibly very subtle, conformational changes. Clearly, structural analysis at higher resolution will be required to address this question. Secondly, the pKA-A construct was very sensitive to alterations in S1 length; increasing or decreasing S1 by a single base-pair reduced frameshifting dramatically, despite the fact that the putative S1 loop acceptor bases were still present. However, this may be explicable in terms of helix rotation; increasing or decreasing the length of S1 would presumably change the position of L2 with respect to the helix, which could well perturb the loop-helix interaction.

An alternative explanation can be suggested for the differences in frameshifting seen with variants of the terminal L2 base, which concerns potential stacking interactions in the kinked region. Studies of functional and non-functional MMTV-based pseudoknots [@BIB10], [@BIB11], [@BIB42], [@BIB22], [@BIB21] have shown that frameshifting requires the pseudoknot to be in a specific kinked conformation. It has been proposed that this conformation can only be achieved when a single intercalated residue (A15) is present between the two pseudoknot stems and that the stability of base-pairs adjacent to A15 may be influenced by how well they stack onto proximal loop residues. It is conceivable, therefore, that the functionality of pseudoknots with variations in residue 29 (pKA-A, G, U and C) is influenced by the kind of stacking interactions that occur between these bases and the adjacent residues in loop 2 (A28) or stem 2 (G30). Clearly, interactions that occur between bases at the junction of the two pseudoknot stems will play some role in determining the overall conformation of the structure. Indeed, changing the base-pair at the bottom of S2 from G30·C14 to C30·G14 (pKA 103, [Figure 2](#FIG2){ref-type="fig"}) had a modest impact on frameshifting efficiency, lowering it to 22 %. However, although no specific experiments were carried out to test a contribution of stacking to the frameshifting phenotype of the X29 variants, the available evidence is more supportive of an effect on a helix-loop interaction. Firstly, the preference for an A at the end of loop 2 was maintained even without the intercalating A15 residue (pKA71 and pKA90), which presumably would modify the potential for base stacking of A29 onto G30. Secondly, a specific reduction of frameshifting was seen only in the S1 flip construct KA-FL-A, but not in the other X29 variants. These findings, in combination with the available structural information are most consistent with a loop-helix contact model.

The differential effects on frameshifting seen with X29 variants of the KA-A pseudoknot are not seen with the SRV-1 pseudoknot [@BIB45]. We speculate that this is a consequence of the increased length and altered sequence composition of L2, which may preclude a loop-helix interaction of the kind seen with KA-A. Indeed, increasing the length of L2 in the KA-X29 series reduced the differential effect of the L2 terminal base, bringing the frameshift efficiencies closer to the value reported for the SRV-1 pseudoknot (23 %; [@BIB49]). Thus the KA-A and SRV-1 pseudoknots respond differently to L2 mutations. In the KA-A pseudoknot with an 8 nt L2 (and very likely in the MMTV pseudoknot), the indicated loop-helix interaction seems to contribute significantly to frameshifting efficiency. In contrast, in KA-A variants with a longer L2, frameshifting efficiency was reduced (from 31 % to 18 %, pKA-LL-A) in response to the length increase, and the G·C flip in S1 (pKA-FL-LL-A) had only a small inhibitory effect. Other factors, and not a loop-helix interaction involving an L2 terminal adenosine residue, are thus likely to be responsible for the ability of the SRV-1 pseudoknot to direct frameshifting. One possibility is L1 length; NMR studies suggest that it possesses only a single A residue in L1 [@BIB15]. A variant of pKA-A in which L1 was reduced to a single A residue (pKA80, [Figure 2](#FIG2){ref-type="fig"}) showed reduced frameshifting, indicating that a single L1 nucleotide is not optimal in this class of pseudoknot, and further supports the idea that the KA-A and SRV-1 pseudoknots are not structurally equivalent.

The pseudoknots described here are part of a larger set of RNA structures that stimulate frameshifting. In HIV-1, for instance, the stimulatory element is a simple hairpin structure rather than a pseudoknot [@BIB20]. An intermediate structure is seen at the frameshift site of Rous sarcoma virus (RSV), where the stimulatory RNA structure is pseudoknotted but able to tolerate disruptions of S2 to some degree [@BIB31]. At the other extreme are pseudoknots of the IBV class that require both a long S1 and a stable S2 for function. How can the apparent diversity of frameshifter pseudoknots be reconciled in terms of the frameshift process itself? At present, models for pseudoknot stimulated frameshifting tend to invoke a common 3D structure as the determinant of function. In this model, pseudoknots stimulate frameshifting through the formation of an RNA-RNA or RNA-protein interaction, perhaps by mimicking a tRNA [@BIB11]. To date, however, there is no evidence that a structural feature exists that is shared by all stimulatory RNA elements, although this is not inconceivable. A competing model that has some theoretical appeal is that the stimulatory RNAs share mechanical properties, such as initial resistance to unwinding. [@BIB12] has suggested that the role of S2 of a pseudoknot may be to prevent routine unwinding of S1. Stem 1 must be able to rotate around its helix axis to unwind and the association of the bases at the top of the helix with the downstream sequences (to form S2) might prevent such rotation. The present findings do not particularly favour either hypothesis. A loop-helix interaction will almost certainly modify the 3D structure of the pseudoknot, thus influencing factor recognition, but also the stability of S1 and the ease with which it is unwound. In order to discriminate between the models, a determination the 3D structure of the KA-A and KA-FL-A RNA pseudoknots would be advantageous, as would the development of methods to investigate the unwinding (as opposed to melting) behaviour of RNA pseudoknots.

Materials and methods
=====================

Site-specific mutagenesis
-------------------------

Site-directed mutagenesis was carried out by a procedure based on that of [@BIB29] as described [@BIB3]. Mutants were identified by dideoxy sequencing of single-stranded templates [@BIB40]. Sequencing through G+C-rich regions was facilitated by including formamide (to 20 % (v/v)) in the sequencing gel and replacing dGTP with deaza-GTP in the sequencing mixes.

Construction of plasmids
------------------------

The plasmids used in this study were derived from plasmids pKA3 or pKA5 ([@BIB34]; see [Figure 2](#FIG2){ref-type="fig"}) by site-directed mutagenesis. These plasmids are derivatives of pFScass 6 [@BIB5], a frameshift reporter construct (see the legend to [Figure 1](#FIG1){ref-type="fig"}).

*In vitro* transcription and translation
----------------------------------------

*In vitro* transcription reactions employing the bacteriophage SP6 RNA polymerase were carried out essentially as described by [@BIB32] as described [@BIB34]. In ribosomal frameshift assays, serial dilutions of purified mRNAs were translated in RRL as described [@BIB3]. Translation products were analysed on SDS-15 % (w/v) polyacrylamide gels according to standard procedures [@BIB18]. The relative abundance of non-frameshifted or frameshifted products on the gels was determined by direct measurement of \[^35^S\]methionine incorporation using a Packard Instant Imager 2024 and adjusted to take into account the differential methionine content of the products. Frameshift efficiencies were calculated from those dilutions of RNA where translation was highly processive (RNA concentrations of 10 μg to 25 μg RNA/ml of reticulocyte lysate). The frameshift efficiencies quoted are the average of at least three independent measurements which varied by less than 10 %, i.e. a measurement of 20 % frameshift efficiency was between 18 % and 22 %. The calculations of frameshift efficiency take into account the differential methionine content of the various products (19 kDa, 11; 22 kDa and 28 kDa, 12; 85 kDa, 35).

RNA structure probing
---------------------

RNAs for secondary structure probing were prepared by *in vitro* transcription of *Hin*dIII-cut plasmid templates using bacteriophage T7 RNA polymerase. Transcription reactions were on a 200 μl scale and contained 20 μg plasmid DNA, 2.5 mM of each rNTP and 500 units of T7 RNA polymerase (NEB) in a buffer containing 40 mM Tris (pH 8), 15 mM MgCl~2~ and 5 mM DTT. After three hours at 37 °C, 100 units of DNase I was added and the incubation continued for a further 30 minutes. Nucleic acids were harvested by extraction with phenol/chloroform (1:1) and precipited in ethanol. DNA fragments were removed by Sephadex G-50 chromatography and the RNA transcripts concentrated by precipitation in ethanol. The RNA was quantified by spectrophotometry and its integrity checked by electrophoresis on a 2 % (w/v) agarose gel containing 0.1 % (w/v) sodium dodecyl sulphate. Transcripts (10 μg) were 5′-end-labelled with \[γ-^33^P\]ATP using a standard dephosphorylation-rephosphorylation strategy [@BIB50], purified from 10 % acrylamide-urea gels and dissolved in water.

The structure probing experiments followed the general principles outlined by others [@BIB53], [@BIB56], [@BIB37]. All reactions contained 10-50,000 cpm of 5′ end-labelled RNA transcript and 10 μg baker's yeast carrier tRNA. RNAse probing reactions were carried out in 50 μl reaction volumes. Probing with RNase T~1~ (Amersham) was on ice for 20 minutes in 50 mM sodium cacodylate (pH 7), 2 mM MgCl~2~ and 0-1 units of T~1~; RNase V~1~ (Pharmacia) at 25 °C for 20 minutes in 10 mM Tris (pH 8), 2 mM MgCl~2~, 0.1 M KCl and 0-0.35 units of V~1~; RNase U~2~(USB) on ice for 20 minutes in 20 mM sodium acetate (pH 4.8), 2 mM MgCl~2~, 100 mM KCl and 0-0.2 units of U~2~.

Enzymatic reactions were stopped by the addition of 150 μl ethanol and the RNA recovered by centrifugation. RNAs were prepared for analysis on 10 or 15 % polyacrylamide-7 M urea sequencing-type gels by dissolution in water, mixing with an equal volume of formamide gel loading buffer (95 % (v/v) formamide, 10 mM EDTA, 0.1 % (w/v) bromophenol blue, 0.1 % (v/v) xylene cyanol) and heating to 80°C for three minutes. Chemical probing experiments were performed with lead acetate and imidizole in 10 μl reaction volumes. Lead probing was at 25 °C for five minutes in 20 mM Hepes-NaOH (pH 7.5), 5 mM Mg acetate, 50 mM K acetate and 1-5 mM Pb acetate. Reactions were stopped by the addition of EDTA to 33 mM, the RNA recovered by precipitation in ethanol, redissolved in water and prepared for gel loading as above.

For imidizole probing, the end-labelled RNA was mixed with 10 μg carrier tRNA, dried in a desiccator and redissolved in 10 μl 2 M imidizole (pH 7) containing 40 mM NaCl and 10 mM MgCl~2~. After incubation at 37 °C for one to four hours, the reaction was stopped by the addition of 10 μl of a fresh solution of 2 % (w/v) lithium perchlorate in acetone. The RNA was recovered by centrifugation, washed with acetone, dried, dissolved in water and prepared for gel loading as above. All the structure probing gels included an alkaline hydrolysis ladder of the relevant RNA as a size marker, prepared by dissolving the dried pellet from 3 μl of end-labelled RNA and 10 μg carrier tRNA in 3 μl of 22.5 mM NaHCO~3~, 2.5 mM Na~2~CO~3~ and boiling for one to 2.5 minutes. After the addition of an equal volume of formamide gel loading buffer, the sample was heated to 80 °C for three minutes and loaded immediately onto the gel.
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[^1]: This Table summarises the primary RNA sequence and frameshifting efficiencies of the transcripts of a number of the clones used in this study. Messenger RNAs derived from *Bam*HI-digested plasmids were translated in the rabbit reticulocyte lysate (RRL) *in vitro* translation system. Products were labelled with \[^35^S\]methionine, separated on a SDS-15 % polyacrylamide gel and detected by autoradiography. Sequence changes are given with respect to pKA3 and the base changes are shown in the context of their domain as lowercase bold letters (d, deletion). The slippery sequence, loop 1 and intercalating base are indicated by SS, L1 and INT respectively. The 3′ arms of the two stems are primed (′).
